Population studies have suggested an association between diabetes and the symptoms of testosterone deficiency. Recently, the expression of the androgen receptor (AR) has been shown to be decreased in diabetic patients. Furthermore, diabetes has been shown to induce global methylation. In this study, we used an animal model to investigate whether diabetes results in increased methylation of the AR promoter and whether these changes are associated with the decreased expression of AR in penile cavernosal smooth muscle tissue. Twenty C57BL/6J mice were divided into two groups, receiving either high-(mature diabetic) or low-(mature control) caloric meals for 14 weeks. Another 10 mice were killed at 1 week (young control). Animals in the mature diabetic group showed decreased testosterone levels, although this was not statistically significant. In both control groups, no significant methylation was observed in the AR promoter region CpG island (285 to 1339). In the mature diabetic group, significant methylation was observed at 1185 and 1200 of the AR promoter. These changes were associated with increased homeostatic model assessment for insulin resistance (HOMA-IR) and decreased corpus cavernosal tissue mass and expression of AR mRNA and protein. We conclude that in these animals, insulin resistance increased the methylation of the GC-rich regions of the AR promoter, leading to decreased AR expression.
INTRODUCTION
Patients with insulin resistance (IR) constitute a significant portion of patients with sexual dysfunction. Observational studies have shown a significant inverse relationship between the total serum testosterone levels and IR in men. 1 Erectile dysfunction is more common in diabetic men, with a prevalence of as high as 85%. 2, 3 Phosphodiesterase type 5 inhibitors are effective in approximately 55%-60% of erectile dysfunction patients with diabetes. 4 Testosterone replacement combined with phosphodiesterase type 5 inhibitors have shown variable but improved responses for the duration of treatment. 5, 6 Recent studies have suggested that this may be associated with the decreased expression of androgen receptors (AR) in diabetic men. 7 The decreased expression may limit the effectiveness of testosterone replacement therapy in these patients.
Several mechanisms may interfere with the normal expression of AR, ranging from transient physiologic changes to overt genetic mutations. 8, 9 While no single factor currently seems to account for this process, recent studies have shown that epigenetic modifications during the lifetime of an organism may also have significant effects on the pathogenesis of decreased androgenic responsiveness. Monozygotic twin studies have shown that epigenetic profiles deviate following birth, leading to different phenotypes from the same genotype. 10 Prolonged hyperglycaemic states have been shown to induce epigenetic changes in pro-inflammatory genes, leading to persistent risks of macrovascular complications in diabetics. 11, 12 Studies have shown that global DNA methylation is also correlated with increases in the indices of IR, such as the homeostatic model assessment for insulin resistance (HOMA-IR). This indicates some degree of causal association between hyperglycaemia and epigenetic modifications. 13 The AR gene contains a CpG island that covers the proximal promoter region and the first exon.
14 The methylation of the AR promoter at the CpG island has been correlated with the loss of AR mRNA expression in human AR-negative prostate cancer cell lines and tissues. [14] [15] [16] The goal of this study is to examine AR promoter methylation in the cavernosal smooth muscle of C57BL/6J mice that had been induced to develop diabetes and to show whether these transformations translate to a subsequent decrease in AR expression. 60% kcal% fat, No. D12492; Research Diets Inc.) (mature diabetic group) for 14 weeks. The animals had ad libitum access to water and food during the experimental trial, and their food intake and weight gain were recorded daily. After 14 weeks, the mice were anaesthetized in the fasted state with ketamine (50 mg kg 21 ) and xylazine (6.7 mg kg 21 ). Blood was collected by cardiac puncture.
Tissue collection
The penis was excised by incising the skin overlying the penis and dissection at the bilateral penile crura. The urethra, the ischiocavernous muscle and fascia were dissected and removed. The glans, urethra and os penis were removed. The tunica albuginea was opened, and the corpus cavernosal tissue was harvested and weighed. The tissues were then washed in phosphate-buffered saline and frozen at 220 uC.
Frozen sections were cut into 10-mm sections using a standard cryostat. Laser capture microdissection of smooth muscle cell bundles was performed using the Leica AS LMD (Leica Microsystems, Wetzlar, Germany) according to the manufacturer's instructions. Samples from a single animal were collected and lysed with 350 ml RP1 lysis buffer (Macherey-Nagel, Duren, Germany) and 3.5 ml b-mercaptoethanol. The samples were then centrifuged at 8900g for 1 min and homogenized with 350 ml ethanol. The samples were then used for reverse transcriptase polymerase chain reaction (RT-PCR), Western blot and sodium bisulphite modification for pyrosequencing. One sample from each animal was used for each process. 
RNA isolation and RT-PCR
Total RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). The RNA was extracted with chloroform (Sigma Chemical, St Louis, MO, USA) and precipitated with ethanol. The RNA was quantified using a NanoPhotometerTM (Implen GmbH, Munchen, Germany). For an RT reaction, 3 mg total RNA was used as a template to synthesize cDNA. The total RNA was mixed with 4 mg random hexamers (GeneChem, Shanghai, China), incubated at 65 uC for 10 min and cooled on ice for 2 min. The RT reaction was carried out in a final volume of 50 ml with 2 units of M-MLV RT (Invitrogen) at 42 uC for 2 h, followed by heating at 95 uC for 5 min to terminate the reaction. PCR was carried out in 20 ml reaction mixture containing 2 ml cDNA template, 25 pmol each of gene-specific primer and 10 ml Atlas HotTaq 23 PCR Mix (BioAtlas, Tartu, Estonia). A varying number of PCR cycles were performed at 95 uC for 60 s, 55 uC for 60 s and 72 uC for 60 s, followed by 72 uC for 5 min. The resultant PCR products were resolved on a 2% agarose gel containing ethidium bromide. The gel was scanned with Gel Logic 212 pro (Kodak, Rochester, NY, USA) on a UV illuminator, and the DNA bands were quantitated using Kodak MI software (Kodak, Rochester, NY, USA).
Western blot
The tissue harvested from microdissection was lysed and washed with 500 ml 50% ethanol, and 20-100 ml protein solving buffer (MachereyNagel, Duren, Germany) was added. The samples were then incubated for 3 min at 95-98 uC. The proteins were separated on an SDSpolyacrylamide gel. The proteins on the gel were transferred onto a nitrocellulose membrane. The membranes were incubated with blocking solution (5% skim milk), and then with rabbit anti-mouse AR antibodies (Santa Cruz Biotechnology, Dallas, TX, USA) in 0.1% Tween 20-Tris-buffered saline. The hybridized primary antibodies were detected using a horseradish peroxidase-conjugated IgG antibody (Thermo Scientific, Waltham, MA, USA). The bands were visualized by enhanced chemiluminescence (Thermo Scientific). Quantitative analysis graphs were made using the TINA quantitative program.
Sodium bisulphite modification
Bisulphite modified gDNA was prepared using the EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer's instructions. The bisulphite reaction was carried out on 500 ng DNA. The reaction volume was adjusted to 20 ml with sterile water, and 130 ml CT conversion reagent was added. The sample tubes were placed in a thermal cycler (MJ Research, St Bruno, Quebec, Canada) and incubated for 10 min at 98 uC and 2 h 30 min at 64 uC. The samples were then stored at 4 uC. The DNA was purified using the reagent provided in the EZ DNA Methylation-Gold Kit (Zymo Research). The converted samples were added into the Zymo-Spin ICTM Columns containing 600 ml of the M-binding buffer and then mixed by inverting the column several times. The column was centrifuged at full speed (13 000g) for 30 s, and the flow-through was discarded. The column was washed by adding 200 ml M-wash buffer, centrifuged at full speed, and 200 ml Mdesulphonation buffer was added to the column. The column was allowed to stand at room temperature (20-30 uC) for 15-20 min. After incubation, the column was centrifuged at full speed for 30 s. The column was washed by adding 200 ml M-wash buffer and centrifuged at full speed. The converted gDNA was eluted by adding 20 ml M-elution buffer into the column and centrifuging it. The DNA samples were stored at 220 uC.
Pyrosequencing analysis
We used the bisulphite pyrosequencing method for methylation analyses of the AR gene. Each primer was designed using the PSQ assay design program (Biotage, Charlotte, NC, USA). The primer sequences are listed in Table 1 . Each PCR reaction was carried out in a volume of 20 ml with 50 ng converted gDNA, PCR premixture (Enzynomics, Daejon, Korea), 2 ml of 10 pmole ml 21 Primer-S and 2 ml of 10 pmole ml 21 biotinylatedPrimer-As. The amplification was carried out according to the general guidelines suggested by pyrosequencing as follows: denaturation at 95 uC for 10 min, followed by 45 cycles at 95 uC for 30 s, 58 uC for 30 s, 72 uC for 30 s and a final extension at 72 uC for 5 min. The PCR products (4 ml) were separated by electrophoresis on a 2% agarose gel and visualized by ethidium bromide staining.
An ssDNA template was prepared from 15220 ml biotinylated PCR product using streptavidin Sepharose HP beads (Amersham Biosciences, Piscataway, NJ, USA) according to the PSQ 96 sample preparation guide using multichannel pipets. Fifteen picomoles of the respective sequencing primers were added for analysis. Sequencing was performed on a PyroMark ID system with the Pyro Gold reagents kit (Biotage, Charlotte, NC, USA) according to the manufacturer's instructions without further optimisation.
Statistical analysis
The data are expressed as the mean6s.e.m. The differences between the groups were compared by t-test and one-way ANOVA, with
RESULTS

Confirmation of the diabetic animal model
Mice from the mature diabetic group showed the characteristics of insulin resistance, higher body weight and higher HOMA-IR compared to the mature control group. While there was a significant difference in overall body weight between the groups, the highest weight gain was observed in the mature diabetic group, and the corpus cavernosal tissue weight was significantly decreased in these mice compared to the mature control animals. There was no significant difference in testosterone levels between the groups ( Table 2) .
CpG methylation
Using the PSQ assay design program, we identified one island in the AR promoter, located at 285 to 339 bp, that was susceptible to epigenetic regulation. This region was surrounded by the consensus transcription start site, which contained 22 CpGs susceptible to methylation. In the analysis, a CpG island was considered only if it had a minimum length of 100 bp, a percentage of CpGs over 50% and a calculated-versusexpected CpG distribution higher than 0.6 of the abundance of CpG islands. The mean methylation of all susceptible positions was 1.53%60.54%, 2.68%61.25% and 5.70%62.53%, for the young control, mature control and mature diabetic groups (P,0.01), respectively. Three sites, located at 1185, 1194 and 1200 bp, showed significant differences in methylation between the groups (P50.001, 0.043 and 0.030, respectively), and two sites, located at 1185 and 1200, showed more than 5% methylation. In the mature diabetic group, the AR promoter was more methylated at site 1185 compared to the mature control and the young control groups (P50.003 and 0.001, respectively). Another site, 1200, showed higher methylation in the mature diabetic group, although this difference was not significant when compared to the young control group (P50.065). The other sites did not show differences between the groups and were generally unmethylated (,5% methylated) (Figure 1 ). In addition, there was a statistically significant correlation between HOMA-IR and methylation at position 1185 (Figure 2) . AR mRNA and protein expression AR mRNA expression, as normalized to the expression of 28S rRNA, was significantly decreased in mature diabetic mice. This was 0.6860.04, 0.5260.05 and 0.6360.04 for the young control, mature control and mature diabetic groups, respectively (P50.018 vs young control, P50.045 vs mature control) ( Figure 3) . AR protein expression, as normalized to the expression of GAPDH, was also decreased. This was 0.4360.32, 0.2960.22 and 0.1160.07 for the young control and matured control and mature diabetic groups, respectively (P50.012 vs young control, P50.041 vs mature control) (Figure 4 ).
DISCUSSION
The current study reports AR promoter methylation pattern changes in mice with diabetes. The resulting methylation of CpG sites within the promoter DNA led to decreased mRNA and protein expression in these mice. Following a classical approach to study DNA methylation, we conclude that the AR promoter is slightly more methylated in mice with diabetes. This was especially the case at one position, 1185 bp, where large differences in methylation proportions were observed. We also observed a high degree of correlation between HOMA-IR and AR promoter methylation at site 1185.
A few previous studies have elucidated the functional characteristics of the promoter region of AR. The AR has been previously shown to contain a promoter located approximately 1000 bp upstream of the translation start site. 17 A second promoter is located 13 bp away from this site. 18 While both promoters lack TATA and CAAT boxes, 17 these regions contain several potential transcription factor binding sites, including an activating protein 2 binding site, a purine-rich consensus sequence (PU box) and two guanine cytosine rich consensus sequences (GC box). The GC boxes are immediately upstream of the specificity protein 1 (Sp1) transcription factor binding site 19 and Sp1-and GC-rich sequences are known to form a pre-initiation complex in promoters lacking TATA or CAAT. 20 Methylation of the AR promoter at these GC-rich sequences has been correlated with the loss of AR mRNA expression in human Diet-induced insulin resistance on AR promoter JW Kim et al 489 AR-negative prostate cancer cell lines and tissues. [14] [15] [16] Using AR-negative and AR-positive human prostate cancer cell lines, Kinoshita et al. 21 showed that the methylation of such minimal promoter sites was associated with decreased AR expression in advanced prostate cancer. They reported significantly higher levels of methylation of the first promoter. However, the GC-rich sequence adjacent to the second promoter was not investigated. Our analysis covered both GC boxes, and we found significant methylation of the second GC box, which was associated with decreased AR mRNA and protein expression in diabetic mice. While it is premature to assign a functional significance to this particular site because the overall methylation was also increased in diabetic mice compared to controls, our observations of increased methylation and decreased expression of AR may be one of several processes accounting for the decreased erectile response and penile structural atrophy in diabetics. Diet-induced insulin resistance on AR promoter JW Kim et al 490
Because our study was not based on clonal cell colonies, the decreased penetrance of epigenetic changes observed is not unexpected. The level of methylation observed in our study is similar to the increased levels of global methylation that have been demonstrated in the insulin-resistant twin of a monozygotic pair. 13 This may suggest that the methylation of the AR gene in diabetic mice may have occurred through the nonspecific methylation of susceptible sites, although other studies have suggested that Sp1 binding sites are generally kept methylation-free. 23 While the processes of how these housekeeping activities occur remain to be elucidated, in this study, sufficient physiologic stress may have allowed significant methylation to occur.
Clinically, diabetes is associated with decreased sexual function. This has been associated with both decreased testosterone levels and the decreased responsiveness of the erectile tissue. 24 While the association between testosterone deficiency and insulin resistance has been widely demonstrated in population studies, the strength of association is moderate, with only a 2-3 nmol l 21 (0.58-0.87 ng ml 21 ) decrease in total testosterone being associated with diabetes. 25 The lack of a stronger association suggests that other mechanisms may alter the direct responsiveness of the target tissues. Cao et al. 7 previously demonstrated decreased AR expression in the peripheral leukocytes of diabetic men. Our study suggests that the decreased expression of AR through the methylation of the AR promoter may decrease the erectile response, as suggested by the decreased corpus cavernosal tissue mass. While other measures of erectile function would have been more representative of functionality, practical considerations of preserving the tissue for methylation analysis impeded further investigation.
Finally, while conventional models would dictate an age-matched diabetic control using streptozotocin to exclude the effects of obesity, previous studies have shown that streptozotocin can induce DNA methylation. Thus, we excluded streptozotocin when designing this study, as shown by the lack of a young diabetic group. 26 Recent progress in the understanding of testosterone and its receptor has shown that they also function in the overall balance of energy metabolism. 27, 28 Furthermore, the relationship between testosterone and AR has been shown to be complex and dynamic. 9 Epigenetic mechanisms interfering with AR expression further complicate this relationship, and further investigation regarding their effects, reversibility and possible therapeutic potential is warranted. Studies elucidating the effects of testosterone replacement or identifying changes that may have confounded our results, including aging and obesity, may help to elucidate the effect of insulin resistance on AR promoter methylation.
CONCLUSION
The results of the present study indicate that insulin resistance caused by a high-calorie diet induces DNA methylation at the CpG islands of the AR promoter. Furthermore, methylation of these sites was shown to decrease the expression of AR mRNA and protein. Therefore, diabetes not only affects the hormonal levels of androgens, but may also disrupt receptor mechanics, resulting in the overall decrease of the androgenic phenotype.
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